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DC MOTOR, SERIES FIELD WITH AUX. SHUNT FIELD; ELECTRIC 
PROPULSION FOR DC CHOPPER CONTROL. 

4 (foie r ~ < a- sw_ *» ) 

20 ABSTRACT (Wln,» on . . Kl.lZTl nrr.,S,y W „Lllly by Moc* numho^DE S I G N , CON STRUCT AND 

EVALUATE TWO HIGH SPEED DC PROPULSION MOTORS WITH A NOMINAL RATING 
OF 10HP £ 6000 RPM AND AN INTERMITTENT RATING OF 20HP JP 3000 RPM 
AT A MOTOR WEIGHT OF 95LBS/UNIT. THE MOTORS ARE DESIGNED FOR USE 
IN CONJUNCTION WITH EITHER A CONVENTIONAL DC CHOPPER MOTOR CON¬ 
TROLLER, OR AS A DUAL MOTOR DRIVE IN CONJUNCTION WITH A TWO PHASE, 
SEQUENTIALLY SWITCHED DC CHOPPER MOTOR CONTROLLER. THE AUXILIARY 
SHUNT FIELD IS USED TO SYNCHRONIZE SPEED BETWEEN THE TWO MOTORS 
AND TO ASSIST THE SERIES FIELD DURING THE REGENERATIVE BRAKE MODE. 


















SUMMARY. 


This report describes the design, construction, and 
evaluation of two high speed D.C. motors for a propulsion 
application with a nominal rating of 10HP at 6000RPM and 
an intermittent rating of 20HP at 3000RPM. 

The objective of the work done by Rogue Electric 
Manufacturing Company was to design, construct, and test 
two D.C. propulsion motors which were to be compatible 
with a multiphase D.C. chopper-motor drive, described in 
the IEEE Transactions On Industry Applications, Vol. IA-8, 
No: 2, March/April 1972, pp 136-144, entitled "Desiqn 
Analysis of Multiphase DC Chopper Motor Drive". 

The motors also had to interface with an existing 
electric propulsion test rig design, originated by 
Barber-Nichols Engineering Company, Arvada, Colorado, 
which limited its envelope dimensions. 
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GENERAL DISCUSSION. 


The solid state control methodology utilized in con¬ 
junction with these motors requires that each motor contains 
a series field which is supplanted by an auxiliary shunt field. 
The auxiliary shunt field assists in the recuperation of 
enerqy during braking, whereby the series field usually re¬ 
mains in circuit and returns energy to the source during the 
freewheeling operating mode of the controller. In addition, 
the auxiliary shunt field controls speed balance between 
the two motors and provides steering angle control if necessary. 

As can be seen on the motor interconnection diagram 
in Fig. 1. the two armatures are connected in series, whereas 
the series fields of the respective motors are connected in 
parallel. By sequentially switching the paralleled series 
fields, the armature current becomes twice the field current. 

The special requirement for this motor is to provide a 
series field winding which furnishes 85 to 100 percent of the 
required ampere-turns with only half the armature current, 
while the remaining requirements for magnetic flux excitation 
is provided by the shunt field. Since it was necessary to 
pretest this motor as a conventional series motor, the series 
field was arranged in two parallel circuits making it possible 
to operate in a series connection under electronic control 
or in parallel connection as a conventional series motor. 

Another requirement is to minimize its weight. The 
nominal rating of the motor is 10HP at 6000RPM with an inter¬ 
mittent rating of 20IIP at 3000RPM. A goal of 90 lbs. was set 
for this motor by extrapolating from similar motors built 
in the past. Because of the relatively low voltage of this 
motor the currents are high and require a large commutator, 
a large brush, rigging, and heavy lead wires. 

We had a choice between a 4 pole or a 6 pole configuration. 
For reasons of economy, we adopted the 4 pole design. To 
reduce weight, we provided only two interpoles which also 
provided space to accommodate the large number of leads. We 
also reduced weight by fabricating the end brackets of 
aluminum and the brush-holders of thin gauge brass. 

Wo investigated the possibility of using Vnnadium- 
Permondur for the magnetic structure but. found the cost 
prohibitive for the small reduction in weight that could be 
realized. 

Vanadium-Permendur contains 50% cobalt and the price 
of cobalt has risen from $5 a pound to $50 a pound during 
the last four years. It is also a material that must be 
imported from unreliable sources providing another reason 
to avoid its use. 
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SU MM ARY OK DESIG N 


THE DESIGN IS BASED ON THE PEAK RATING OF 20HP, 
3000RPM, 48 VOLTS. 


Armature : 


Outside Diameter 
Inside Diameter 
Length of Stack 
Number of Slots 
Number of Poles 
Slots per Pole Pitch 
Type of Winding 
Number of Coils 
Turns per Coil 
Number of Conductors 
Conductors per Slot 
Total Flux in the Gap 
Distribution Constant 
Magnetic Loading 
Flux per Pole 
Conduc tors 
Copper Area 
Insulation 

Current Density at 400 Amps 
Resistance at 25°C 
Frequency of Armature Current 


D = 5.000 in. (12.7cm) 

D t - 1.500 in. (3.81cm) 

L = 4.00 in. (10.16cm) 

a 

S =45 
P = 4 

S/P= 11.25 
Simplex Wave 
45 
1 

90 

2 

2.69 x 10 6 lines 

0.66 

Q = 1146 AN/in (451 AN/cm) 

4.44 x 10 5 lines 
2 No. 10 AWG Square (2.59 x 2. 
.0197 in. 2 (.J27cm 2 ) 

Class H 

10152A/in. 2 (1574A/cm 2 ) 

.007 Ohms 
100 Hertz 
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SUMM AUY OF D KS I CN-CONT 1 NU !• I) 


Amp Turns per Pole 
Material of Laminations 
Rotating Mass Inertia 
» and Yoke : 

Materia1-Main Poles 
Material-Interpoles 
Material-Yoke (Frame) 
Pole Height 
Pole Length 
Pole Width 

Interpole Dimensions 
Interpole Shoe 
Pole Arc 

Main Pole Air Gap 
Outside Diameter of Yoke 
Inside Diameter of Yoke 
Length of Yoke 


2250 

M-19, 0 29Ga. (.035cm) 

0.605 Lb.Ft. 2 (255Kgcm 2 ) 

M-19, //29Ga (.035cm) 

Low Carbon Steel 
Low Carbon Steel 
1.250 in. (3.175cm) 

4.00 in. (10.16cm) 

1.25 in. (3.175cm) 

.5 x 3.5 in. (1.27 x 8.89cm) 
.625 in. (1.58cm) 

60° 

0.071 in. (0.180cm) 

8.750 in. (22.2cm) 

7.640 in. (19.4cm) 

5.500 in. (13.97cm) 

4.75 in. 2 (30.63cm 2 ) 


Magnetic Section of Pole 
Magnetic Section of Yoke 


5.95 in. (38.37cm ) 







Stationary Windings 




SERIES 

INTERPOLE 

SHUNT 

Size of Conductor 
AWC1 (cm) 


#7SQ 
( .365) 

#7S0 

(.365) 

#24 

(.051) 

Conductor cross section 


.0199 

.0199 

.00031 

(in 2 ) (cm 2 ) 


(.128) 

(.128) 

(.002) 

Maximum current/section (A) 


210 

210 

2.7 

Current density 


10552 

10552 

8517 

(A/in 2 ) (A/cm 2 ) 


(1636) 

(1636) 

(1320) 

Turns per pole 


8 

17 

400 

Resistance/section at 25°C 

(ohm) 

.01 

.007 

40 

Resistance/section at 125°C 

(ohm) 

.014 

.01 

56 

Voltage Drop 

(V) 

2.94 

2.06 

108 

Watts Loss 

(W) 

1180 

825 

292 


Commutator and Brushes: 

Diameter 

Length of brush surface 
Number of bars 
Bar pitch 
Number of brushes 
Size of brush 

Current density (At 400 AMP) 


4 in. (10.16cm) 

2.5 in. (6.35cm) 

45 

.279 in. (.708cm) 

8 

.375 X 1.00 in. (.952 X 2.54cm) 
266A/in. 2 (41 A/cm 2 ) 













LOSS PROFILE AT OVERLOAD. 


Resistance drop at overload (at 420 AMPS and 125°C) 


Series Field IR 


Interpole IR 


.008 X 1.4 X 420 
.005 X 1.4 X 420 


.0035 X 1.4 X 420 = 


Brush Drop (Copper Graphite) 


Losses (at 20HP, 3000 RPM) 


Copper and Brush Contact 
10.70 Volts X 420 AMPS 


Brush Friction 


Friction + Windage 


4495 Watts 3209 W 


5240 Watts 3954 W 


Efficiency = |l4920 + 5240 = .74 (at 125 C) 


Efficiency = |l4920 + 3954 = .79 (at 25 U C) 


Torque at 3000 RPM 


= 7.04 X 2.69 X 10" X 90 X 420 X.66 


39.4 LBS. Ft. 


Required Torque 


35 LBS Ft. (47.46 N-m) 





LOSS profil e A'!’ rated load. 

Full Load Resistance Drop (at 183 AMPS and 125°C) 


Interpole IR 

Brush Drop (Copper Graphite) TOTAL 


Full Load Losses (at 133 AMPS, 6000RPM) 


Copper and Brush Contact 
4.71 X 183 


Brush Friction 


Windage + Friction 


Efficiency = 1*7460 + 1307~ - .85 (at 125°C) 


Efficiency - 7460 + 1087 


Torque at 6000 RP M 


- 7.04 X 1.47 X 10 X 90 X 183 X .66 


Required Torque = 8.75 LBS. Ft. 

= (11.87 N-m) 
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MACNKTIC CIRCUIT AT (iOOORI'M, IOHP 











DISCUSSION. 


The purchase description for this motor specifies two 
points for the Speed - Torque Characteristic. 10HP 
at 6000RPM and 20HP at 3000RPM. By careful choice of 
saturation levels, air-gap and series field turns we 
were able to accommodate both points at the same voltage 
level. This relegates the shunt field to balancing the 
speed of the two motors, to angle control and inter¬ 
mittent regenerative braking. There is no need any more 
to maintain a large shunt field on the low speed end 
in order to reach top speed by weakening this field as 
was envisioned in the Interim Report. 

As mentioned previously we encountered some diffi¬ 
culty with commutation. In order to save weight, this 
motor has only two commutating poles. Therefore, the 
commutating pole flux has to return through the main pole. 
But the main pole becomes highly saturated at overloads 
and cannot accommodate the additional interpole flux. 

For proper operation of the interpoles it is necessary 
to maintain linearity between flux and current which cannot 
be accomplished while the main flux is subject to 
large fluxtuations. Therefore, we had to compromise in 
the calibration of the intorpoles in order to achieve a 
tolerable degree of commutation. 

As a further consequence of our difficulties with 
commutation we could not achieve the efficiency during 
overload that was predicted in the interim report. This 
is due to parasitic torques in the conductors under¬ 
going commutation and is buried in the loss profile under 
the heading of Stray Load Losses. Nevertheless, the 
efficiency is still as good as on machines weighing much 
more. 


In order to further improve the efficiency of the 
motor under solid state control, one could laminate the 
entire field structure of the motor. This may produce 
a measurable reduction in iron losses. The additional 
cost of the laminated motor would have to be justified 
by the possible energy savings over the life of the 
motor. This is a subject that i3 beyond the scope of 
this present study. 

The airflow was maintained at 200 CFM during our 
test program. The pressure drop at this flow rate is 
1.0 in. of water. 
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ANALYSIS Of-' COMPARABLE WEIGHT AND COST OK A SINGLE MO'i'OH 
RATED 201 lt» VS. TWO 10HP MOTORS. __ 


Wo assume in this analysis that the 10HP motors are 
48 Volt motors operating in a series connection and that 
the 20HP motor is rated at 96 Volt. This keeps the cum 
in both ratings the name and permits us to use the same 
size commutators, brush-riggings, and cables. Based on 
the above assumptions the 10HP motor will weigh 95 LBS. 
and the 20HP motor will weigh 163 LBS. 

A Cost Breakdown for these motors based on 1979 
Dollars follows: 


QUANTITY_ 


10HP_ 


20HP 

100 

$ 

1250.00 

$ 

1800.00 

1000 

$ 

1060.00 

$ 

1530.00 

10000 

$ 

875.00 

$ 

1260.00 









3.69 lbs 


(1.67Kr) 


Weight at Part s : 


Bearing Bracket Kxt. End Aluminum 


Bearing Bracket Comm. End Aluminum 

5 

57 

lbs. 

(2 

Frame RinR Steel 

21 

72 

lbs. 

(9 

4 Main Poles 

8 

57 

lbs. 

(3 

2 Int. Poles 

1 

25 

lbs. 

(0 

M.P. Coils 

3 

7 

lbs. 

(1 

I.P. Coils 

2 

75 

lbs. 

(1 

Armature Coils 

5 

00 

lbs. 

(2 

Armature Laminations 

16 

10 

lbs. 

(7 

Commu t a t or 

9 

35 

lbs . 

(4 

Cables 

2 

00 

lbs. 

(0 

Shaft 

6 

, 31 

lbs. 

(2 

2 Bearings 

1 

,00 

lb. 

(0 

Brush Holders 

1 

, 12 

lbs. 

(0 

Brushes 


,45 

lb. 

(0 

Rocker Ring 


,24 

lb. 

(0 

Cover - Ext. End 


,91 

lb. 

(0 

Bearing Inserts 


, 36 

lb. 

(0 

Cover Commutator End 

3 

, 00 

lbs. 

(1 

Hardware 

1 

,91 

lbs . 

(0, 


52Kg) 

85Kg) 

89Kg) 

57Kg) 

68Kg) 
24Kg) 
2 7Kg) 
30Kg) 
24Kg) 
91Kg) 
• 8 6 K g ) 
4 5Kg) 
. 51 Kg) 
. 20Kg) 
. 1lKg) 
. 4lKg) 
16Kg) 
36Kg) 
86 Kr) 


TOTAL 


9 5 1 b s . 


4 3 Kg 









ALTERNATIVE CONCEPT MOTORS . 


In discussions with representative of MERADCOM it 
was agreed that endurance testing and environmental 
testing as prescribed by Par. 4.4 and Par. 4.5 should 
be cancelled and that instead two more motors be built. 

The original motors had radial brushes in order to 
insure complete by-directional capability. A radial 
brush is not very stable and under certain conditions, 
especially under very high speed, may cause chatter with 
simultaneous arcing. 

Brushes in trailing configuration or reaction type 
brushes are much more immune to chatter but have one 
disadvantage; they are unidirectional. 

In view cf the fact that propulsion motors operate 
in one direction most of the' time, we will take advantage 
of this characteristic and build tnese motors with trailing 
type brushholders. 

The original motors had only 2 interpoles which caused 
some difficulties with the interpole flux due to satura¬ 
tion of the main poles. Therefore it was decided to incor¬ 
porate 4 interpoles in the new motors. 
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